Phosphatase and tensin homologue deleted on chromosome 10 (PTEN) is a lipid phosphatase. PTEN inhibits the action of phosphatidylinositol-3-kinase and reduces the levels of phosphatidylinositol triphosphate, a crucial second messenger for cell proliferation and survival, as well as insulin signaling. In this study, we deleted Pten specifically in the insulin producing ␤ cells during murine pancreatic development. Pten deletion leads to increased cell proliferation and decreased cell death, without significant alteration of ␤-cell differentiation. Consequently, the mutant pancreas generates more and larger islets, with a significant increase in total ␤-cell mass. PTEN loss also protects animals from developing streptozotocin-induced diabetes. Our data demonstrate that PTEN loss in ␤ cells is not tumorigenic but beneficial. This suggests that modulating the PTEN-controlled signaling pathway is a potential approach for ␤-cell protection and regeneration therapies.
␤ cells are produced through neogenesis from precursor cells and/or replication of mature and differentiated ␤ cells. During embryonic development, both neogenesis and replication contribute to the growth of the pancreas. The proliferation rate of ␤ cells in the adult pancreas, however, is relatively low. The adult pancreas undergoes slow turnover, with only approximately 0.5% mitotic activity, primarily by replication of differentiated cells (16) . Nutrient and growth factors, such as high glucose concentrations, insulin-like growth factor 1 (IGF-1), and growth hormone, can induce ␤-cell replication (6, 39) . Adult ␤-cell proliferation has been observed among pregnant and obese individuals for whom the demand for insulin is increased (40) . During ␤-cell or pancreatic injuries, mitotic activity of ␤ cells is also increased (4, 6, 7, 20, 22, 40) . It has been suggested that after injury, ␤-cell regeneration may be the result of progenitor cell proliferation and differentiation (5) . However, recent findings by Dor et al. suggest that in murine islets, proliferation of preexisting ␤ cells is the major mechanism for regeneration under both physiological and injury conditions (15) . Together, these findings suggest that ␤ cells in pancreatic islets have a significant potential for replication. However, little is known about the factors regulating ␤-cell mass during neogenesis and adult pancreas turnover.
Phosphatase and tensin homologue deleted on chromosome 10 (PTEN) is an indispensable regulator for cell growth and survival (48, 51) . PTEN functions as a lipid phosphatase to dephosphorylate phosphatidylinositol triphosphate, the product of phosphatidylinositol-3-kinase (PI3K) (35, 56) . By antagonizing PI3K function, PTEN inhibits the signals of insulin, IGF-1, and platelet-derived growth factor, the major mitogenic and survival factors of ␤ cells (13) . As a consequence of PTEN loss, AKT serine/threonine kinase and its downstream effectors are hyperactivated (48, 51) . AKT is critical for ␤-cell survival both in vitro and in transplantation models (1, 10, 12, 33, 34, 46, 54) . Recent studies using genetic approaches have further demonstrated that a constitutively activated form of AKT enhances not only cell survival, but also cell proliferation and cell size, thereby increasing overall ␤-cell mass (3, 52) . In these two studies, constitutive activation of AKT is produced by attaching myristylation signal to full-length or truncated AKT. This manipulation brings the AKT transgene to the cell membrane and results in its activation. Both studies showed increased islet mass and number as a result of constitutive AKT activation. The transgenic animals also demonstrated resistance to streptozotocin (STZ)-induced islet destruction. Furthermore, deletion of S6 kinase (S6K), a downstream kinase of the PI3K/AKT pathway, resulted in diminished ␤-cell size (41) . The effect of PI3K/AKT activation is also demonstrated in insulin receptor substrate 2 (IRS2)-transgenic animals showing a dose-dependent response that increased islet mass and rescued animals from STZ-induced hyperglycemia (36) . PTEN deficiency was directly evaluated with an experimental model that lacks IRS2. IRS2 mutant mice developed diabetes within the first 3 months of age (29) . Heterozygous deletion of Pten in IRS2 mutants was able to improve insulin sensitivity and stimulate islet growth (29) . This study provides direct evidence that Pten deficiency may stimulate islet regeneration, but peripheral Pten deletion and homeostasis-induced islet changes cannot be ruled out. Together, these findings suggest that the PI3K/AKT pathway is important for ␤-cell growth and survival. Therefore, we hypothesize that activation of this pathway could promote ␤-cell regeneration and thus lead to resistance to injury-induced diabetes. In this study, we generated a murine model of ␤-cell-specific Pten deletion to test whether a physiological gain of PI3 kinase activity leads to a similar enhancement in islet and ␤-cell mass. We showed that Pten deletion in ␤ cells resulted in increased islet mass and demonstrated that activation of the PI3K/AKT pathway can rescue STZ-induced ␤-cell damage and subsequent diabetes development in vivo.
MATERIALS AND METHODS
Animals. Targeted deletion of Pten in ␤ cells was achieved by crossing Pten loxP/loxP mice (C57/129/J background) (30) with rat insulin promoter-Cre (RIP-Cre) mice (C57 background) (43) . F 1 generation compound heterozygous animals were backcrossed with Pten loxP/loxP mice to produce F 2 generation experimental animals. Animals were genotyped by standard genomic PCR techniques (30) . Animals were housed in a temperature-, humidity-, and light-controlled room (12-h light/dark cycle), allowing free access to food and water. All experiments were conducted according to the research guidelines of the UCLA Chancellor's Animal Research Committee.
Glucose, insulin, and lipid determinations. Blood samples were collected from 3-month-old mice. After mice fasted overnight, blood samples were collected by orbital eye bleeding into lithium chloride-coated plasma collection tubes. Plasma was obtained by centrifugation. Plasma insulin levels were measured by enzymelinked immunosorbent assay according to the manufacturer's protocols (Alpco, Windham, N.H.). Plasma samples were also analyzed for nonesterified fatty acid (Wako) and triglyceride (Thermo DNA) using the manufactured kits. Glucose levels were determined with a Freestyle glucometer (Therasense) with blood samples from tail vein punctures in mice that fasted for 16 h.
Glucose and insulin tolerance tests. After overnight fasting, mice 3 months of age were injected intraperitoneally (i.p.) with 30% D-glucose (2 g/kg of body weight; Sigma, St. Louis, Mo.) or insulin (1 U/kg; Lilly) (50) . Blood glucose concentrations were measured at indicated time points as previously described (50) .
Western electrophoresis. Protein lysates were collected from isolated control and mutant islets. Western blot analyses were performed with PTEN, phosphor-S6, cyclin D, and p27 antibodies. All membranes were also probed with antibodies for ␤-actin as a loading control.
Immunohistochemistry. We performed immunohistochemistry on Zn-formalin-fixed, paraffin-embedded sections, following antigen retrieval. Antibodies for PTEN (26H9) and phospho-AKT (Ser473) antibodies were obtained from Cell Signaling Technology, Beverly, Mass.). Glucose transporter 2 (GLUT2) antibody was purchased from Calbiochem, San Diego, Calif. Antibodies for insulin, glucagons, somatostatin, and pancreatic polypeptides were provided by Zymed. Sections were counterstained with hematoxylin.
Stereology measurement of islet area. Insulin-stained pancreatic sections were analyzed using a MicroBrightField Stereology-assisted microscope mounted on a remote controlled platform. Islet area and number were determined with five cell clusters considered to be islets. Three slides per pancreas, 120 m apart, were counted on a total of five animals that were 3 months old.
Determination of cell proliferation and apoptosis. We evaluated cell proliferation on embryonic day 17.5 (E17.5) mice with bromodeoxyuridine (BrdU) pulselabeling. Pregnant mothers at 17.5 days after plugging were injected with BrdU (100 g/g of body weight) and sacrificed 45 min later. Embryos were retrieved, decapitated, and fixed in Zn-formalin. For adult animals, BrdU was given i.p. 30 to 45 min before euthanization. BrdU staining was done using a kit from Roche with a modified protocol for immunofluorescence. Sections were costained with insulin. Apoptosis was determined with P17-and STZ-treated mice with a terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) kit from Roche with a modified protocol for immunofluorescence. The same sections were stained with insulin.
Islet culture and glucose stimulation. Islets were isolated from 3-month-old male animals by collagenase digestion of the pancreas, followed by purification using a Ficoll gradient. Islets were handpicked twice and cultured in RPMI complete medium before stimulation with glucose. After overnight culture, islets (50) were stimulated with 3 mM (low) and 30 mM (high) glucose in RPMI 1640 for 30 min. The amount of insulin released to the culture medium was measured with an enzyme-linked immunosorbent assay kit from ALPCO. The islets were collected and lysed for DNA analysis. For STZ treatment, cultured islets were treated with 2 mM STZ in the culture medium for 30 min. Islets were then allowed to recover overnight. Insulin production in response to 30 mM glucose was then assayed.
Fluorescence-activated cell sorter (FACS) analysis for cell size. Islet cells were dissociated with trypsin and passed through a 70 m cell strainer (BD Falcon, Bedford, MA) to obtain a single-cell suspension. The trypsinized cells were run on a BD FACSCalibur (BD Immunocytometry Systems, San Jose, CA) to measure the cell size, based on forward scatter signal.
STZ-induced diabetes. Eight-week-old male mice were injected i.p. with multiple subdiabetogenic doses of streptozotocin (31, 38) at a dose of 50 mg of streptozotocin/kg of body weight daily for 5 consecutive days (Sigma, St. Louis, Mo.) to produce a ␤-cell injury model. On day 8, a group of three animals were sacrificed following BrdU pulse-labeling. Pancreas sections were costained with antibodies against BrdU and insulin or for TUNEL and insulin. For long-term effect, the remaining six animals were evaluated weekly for the development of diabetes (defined as persistent random blood glucose levels of Ͼ300 mg/dl). Animals were sacrificed 2 months later, following BrdU pulse-labeling. For the high-dose STZ experiment, 200-mg/kg STZ was given as one dose, and animals were sacrificed 36 h later for tissue collection.
Statistical analysis. All data are presented as means Ϯ the standard error of the mean. Statistical calculations were performed with Microsoft Excel analysis tools. Differences between individual groups were analyzed by Student's t test, with two-tailed P values of Ͻ0.05 considered statistically significant.
RESULTS
␤-cell-specific Pten deletion. To establish a mouse model carrying Pten deletion in the insulin-producing cells, we crossed Pten conditional knockout mice (Pten loxP/loxP ) (30) with the ␤-cell-specific Cre transgenic line driven by the rat insulin promoter (43 ; RIP-Cre ϩ (mutant) mice demonstrated that Cremediated Pten deletion was pancreatic specific, with little leakage in the brain (Fig. 1A) , consistent with the previous report (17) . Immunofluorescent analysis demonstrates that PTEN was localized in the ducts (Fig. 1B , top left, inset) and the nucleus of the murine islet cells (Fig. 1B, top left) , similar to the subcellular localization observed in human islets (42) . In the mutant pancreatic islets, PTEN was present in the ducts (Fig, 1B , bottom left, inset) but lost in the majority of the ␤ cells, accompanied by increased phospho-AKT staining (Fig.  1B , bottom left). Loss of Pten and activation of AKT also led to the activation of S6K, as indicated by the increased phosphor-S6 protein levels in the mutant pancreatic islet protein lysate (Fig. 1B, top right) . We further evaluated the expression of two cell cycle regulators, p27 and cyclin D; both are potential targets for regulation by the PI3K pathway. We found that the cell cycle inhibitor p27 was diminished significantly as a result of Pten deletion in the pancreas, whereas the level of cyclin D was minimally altered (Fig. 1B, bottom right) .
Pten deletion leads to an increase in islet numbers and total islet mass. We examined the impact of Pten deletion on pancreatic islets and ␤ cells. Development of the endocrine pancreas with insulin-expressing cells started as early as E12.5. Just prior to birth, endocrine cells migrate and aggregate to form mature islets with localized insulin secretion. At this stage, more islet clusters were seen in Pten mutant pancreas than in the control pancreas ( Fig. 2A, left) . Compared to islet mass in control animals, islet mass in postnatal animals was significantly increased in mutant mice as early as postnatal day 15 (P15) and persisted throughout adulthood ( Fig. 2A , middle and right). This increase was likely due to increases in both VOL. 26, 2006 PTEN AND PANCREAS REGENERATION 2773 islet number and islet size (Fig. 2B ). We quantified islet number and islet size in 3-month-old male mice and demonstrated a 4.5-fold increase in total islet area ( Fig. 2C , left). The increase in islet number was true for both small and large islets. Islets larger than 5,000 M 2 were only observed in the mutant pancreas but not in the control pancreas (Fig. 2C, right) . The increase in islet area was also observed when islets were isolated (Fig. 2B , right) and scored. In this case, when islets from four mutant or control animals were pooled and counted, there was a 1.5-fold increase in the total number of islets recovered (200 versus 300 islets/sample pooled from four animals) and a 2-fold increase in islet size. The phenotype analysis of the mutant animals suggested that PTEN is a crucial player in regulating islet mass. This may happen during embryonic development when neogenesis dominates the islet mass, as well as during adulthood when most ␤ cells come from self-regeneration.
Pten deletion leads to increased cell proliferation and decreased cell death under physiological conditions. During pancreatic development, cell proliferation peaks around late embryonic development and early postnatal life, followed by a wave of apoptosis at postnatal 2 to 3 weeks during pancreatic remodeling (16) . Cell proliferation and cell death are limited in the adult endocrine pancreas (16) . Deletion of Pten led to a significant increase in ␤-cell proliferation during embryogenesis, as measured by BrdU pulse-labeling at E17.5 (Fig. 3A) . More than 8% of insulin-positive cells were BrdU ϩ in the mutant animals, compared to 3% double-positive cells in the controls. There was also significant proliferative activity adjacent to the insulin-positive cells in the mutant pancreas (Fig.  3A, arrows) , which may represent increased progenitor cell activity. Deletion of Pten also led to a significant decrease in apoptotic rate during pancreas remodeling at an early postnatal stage. A twofold decrease in TUNEL-positive cells was observed in the mutant pancreas at P17 (Fig. 3B) . Taken together, these data demonstrate that PTEN plays a critical role in regulating ␤-cell growth and survival.
Pten-null pancreas retains normal islet functions. To determine whether Pten-null ␤ cells are fully differentiated and functional, we first stained islets with anti-insulin antibody. Immunoreactivity to insulin was detected as early as E12.5 in both the control and mutant pancreases (data not shown). By E15.5, all pancreases analyzed contain insulin-positive cells (Fig. 4A, left) . In the postnatal stage when endocrine cells form clustered islets, mutant islets showed immunoreactivity to in- sulin, although with less intensity than in the control islets in both P15 and 3-month-old mice (Fig. 4A) . No significant changes in localization of the non-insulin-producing cells were observed (Fig. 4B) , while the number of insulin-producing cells appeared to be increased in mutant islets (Fig. 4B) . Insulinproducing cells were localized in the center of the islet, while non-insulin-producing cells were predominantly distributed near the periphery of the islets in both control and mutant pancreas. In some islets, non-insulin-producing cells were disbursed in the islets. This was observed for both control and mutant animals and was unlikely to be due to Pten deletion. The ability of Pten-null ␤ cells to secrete insulin in response to glucose stimulation was further quantified using isolated islets. Pten-null islets were responsive to glucose stimulation and secreted insulin in a manner similar to islets from control animals (Fig. 4C, left) . Consistent with this observation, no statistically significant changes in serum insulin levels could be observed in the mutant animals, compared to the controls (Fig. 4C, right) . The mutant islets also displayed normal staining patterns of GLUT2 (Fig. 4D, left) . With high-power microscopy (magnification, ϫ100), Pten-null ␤ cells did appear slightly enlarged, compared to controls (Fig. 4D, left) . To determine whether Pten deletion leads to changes in ␤-cell size, we subjected dissociated islet cells to FACS analysis. Forward scatter signal showed no significant difference in cell size between the control and mutant ␤ cells (Fig. 4D, right) .
Pten deletion in pancreatic ␤ cells did not significantly alter the glucose homeostasis of mutant animals. Similar to our previous studies with hepatocyte-and adipose tissue-specific Pten deletion (28, 50), PTEN loss in ␤ cells led to hypoglycemia (Fig. 5A ). This lower serum glucose level may be one explanation for the decreased insulin-staining density of the mutant islets. Nevertheless, mutant and control animals responded similarly to a glucose challenge (Fig. 5B ). An insulin tolerance test was also performed (Fig. 5C ). Although insulin injection led to a similar fold decrease in plasma glucose levels in control and mutant animals, most of the mutant animals could not complete the test, due to their significantly lower fasting glucose levels, and had to be rescued with glucose injection. No significant changes in serum lipid indexes in control and mutant animals were observed (Fig. 5D) .
Pten deletion protects animals from STZ-induced ␤-cell injury. To determine the pathophysiological significance of Pten deletion in insulin-producing cells, we subjected control and mutant animals to low-dose STZ treatment. One week after initial STZ treatment, islets from the control pancreas started to atrophy, a sign of injury, while no obvious phenotype was observed on mutant islets (Fig. 6C, D, I , and J). Two months following initial STZ treatment, no visible islets could be found in the control pancreas under low-power microscopy, while isolated, irregular, atrophied islets could be found under highpower magnification ( Fig. 6E and K) . In contrast, a significant number of healthy islets could be found in the mutant pancreas ( Fig. 6F and L) . These morphologically healthy islets remained insulin positive ( Fig. 6P and R) . Lymphocyte infiltration was clearly visible in both control and mutant pancreases (Fig. 6E , F, I, J, K, and M). Two months after STZ treatment, small ␤-cell clusters with little or no lymphocyte infiltration could be observed in the mutant but not control pancreas (Fig. 6L,   inset ). These clusters may be islets newly formed after injury. Immunostaining to insulin was diminished in all animals treated with STZ but appeared to be retained more in the mutants (Fig. 6R) . Mutant pancreas exhibited increased BrdU-positive cells (5%) in comparison to control pancreas (1.5%) 7 days after STZ treatment (Fig. 7A) . In control animals, BrdU-positive cells had weaker nuclear PTEN staining than the BrdU-negative cells (Fig. 7B, top, inset) . Similar to the proliferative activity seen during the pancreatic development (Fig. 3) , significantly increased proliferative activity peripheral to the islets was also observed in the mutant pancreas (Fig. 7A, bottom  left) . The Majority of these BrdU-positive/insulin-negativestaining cells stained negative for PTEN (Fig. 7B, bottom,  inset) . Cell death could be detected in the control pancreas in response to STZ treatment, while apoptotic cells were rare in mutant pancreas (Fig. 7C) .
As a result of ␤-cell damage, blood glucose levels increased significantly in the control animals from approximately 120 mg/dl to 400 mg/dl, while the blood glucose levels of mutant animals did not change significantly (from 106 mg/dl to 120 mg/dl) (Fig. 7D, left) . Three weeks after STZ treatment, 80% of the control animals developed hyperglycemia (random glucose level, Ͼ300 mg/dl). No mutant animals (n ϭ 6) developed hyperglycemia during the entire experimental period of 2 months (Fig. 7D, right) . Furthermore, the glucose levels of mutant animals remained at 120 mg/dl for the remainder of the 2 months of the experimental period. This normal glucose level in Pten mutant mice was consistent with the healthy islet morphology observed in the mutant pancreas and suggests that PTEN loss could efficiently protect ␤ cells from STZ-induced injury and maintain glucose homeostasis.
Pten deletion in the pancreas protected islets from STZinduced oxidative stress. To dissect the mechanism of Pten deletion-induced cytoprotection of ␤ cells, we subjected isolated control and mutant islets to STZ treatment in vitro to avoid the complication of in vivo immune response. Immediately after a 30-min treatment with STZ (2 mM), both control and mutant islets lost responsiveness to glucose stimulation (data not shown). After overnight recovery was permitted, control islets were mostly destroyed, while mutant islets still retained their islet morphology (Fig. 8A) , suggesting that PTEN loss protects islets from oxidative stress induced by STZ. To further test whether Pten deletion will protect islets from high-dose STZ (200 mg/ kg) treatment in vivo, we examined the mutant pancreas 36 h after STZ treatment, when control animals started to show significant damage (Fig. 8B, top) . Deletion of Pten did not protect the animals from the high-dose STZ treatment, as indicated by TUNEL-positive staining (Fig. 8B, bottom) . Both control and mutant islets had diminished insulin staining after STZ treatment (data not shown). Thus, although Pten deletion can effectively protect the islet from low-dose STZ treatment, it cannot prevent cell death caused by higher doses of oxidative stress.
DISCUSSION
Replication of differentiated ␤ cells and neogenesis of progenitor cells are two possible processes that control ␤-cell production and ␤-cell mass. However, little is known about the VOL. 26, 2006 PTEN AND PANCREAS REGENERATION 2777 molecular mechanisms governing these two processes. We demonstrate here that PTEN phosphatase plays a critical role in modulating ␤-cell growth both during pancreatic development and in adulthood. Pten deletion in ␤ cells results in increased cell proliferation and decreased apoptosis during embryonic development and neonatal remodeling when neogenesis plays a predominant role in regulating pancreatic ␤-cell production and mass. In the adult pancreas, when replication of differentiated ␤ cells is the major mechanism for ␤-cell regeneration, PTEN also plays an important role in modulating injury response and postinjury recovery of the ␤ cells. Our study provides confirmation of earlier studies suggesting that increase of endogenous PI3K and AKT activity leads to increased ␤-cell mass and protects ␤ cells from STZ-induced diabetes (3, 36, 52) . The results from this study imply that PTEN and PTEN-controlled signaling pathways are potential therapeutic targets for ␤-cell protection and regeneration. The PI3K/AKT pathway is a common pathway used by a variety of growth factors to stimulate cell growth and survival. Growth factors, such as platelet-derived growth factor, IGF, and insulin, have been shown to play roles in ␤-cell neogenesis, as well as in regeneration (4). Deletion of igf-1 and igf-2 and their receptors leads to impaired ␤-cell growth and glucosestimulated insulin secretion (26) . In vitro stimulation of insulin, IGF, and glucagon-like peptide 1 leads to activation of PI3K/AKT pathways in cultured ␤ cells (8, 32) . In animal models, overexpression of IRS2 and the constitutive active form of AKT-1, one of the AKT isoforms, in the ␤ cells results in increased islet size (3, 36, 52) , while deletion of AKT-2 causes insulin resistance and diabetes (11) . Expression of a dominant negative form of AKT, which may inhibit all AKT activities, attenuates insulin secretion and sensitizes animals to experimental diabetes (2) . Together, these studies suggest that PI3K/AKT signaling pathway is important in mediating both pancreatic ␤-cell proliferation and function.
Compared to the aforementioned AKT models, our Pten ␤-cell deletion model differs in two respects. First, we did not observe significant changes in ␤-cell size; second, the mutant ␤ cells appeared to secrete insulin in a manner similar to that of the control islets. The differences may lie in the existence of the three AKT isoforms, which are known to distribute differently in various tissues and which may play overlapping and distinct biological functions. PTEN lies upstream of AKT, and PTEN loss can lead to activation of all three AKT isoforms, as well as other PI3K downstream effectors, which may explain the phenotypic differences observed between Pten knockout mice and those models with a specific AKT isoform activated. Another reason for the apparent cell size differences may be the way these animals are generated. The transgenic animals overexpressing AKT are generated with membrane myristylationtagged AKT constructs. Our mutant animals test the loss of function effect of PTEN efficiency induced AKT activation, thereby, testing the physiological activation of the PI3K/AKT pathway. Although subtle increases of cell size are observed under high-power microscopy, the single-cell-based FACS assay, which more accurately reflects cell size without interference from surrounding cells, suggests no significant changes in cell size after PTEN loss. Finally, it is now well accepted that activation of the PI3K pathway (at least in epithelial cells) leads to enlarged cell size (23, 49) . However, several transgenic lines targeted to the ␤ cells did not result in the same phenotype (14, 36) . The mechanism for ␤-cell size control may not entirely rely on PI3 kinase activation. Unlike many of the topical epithelial cells, ␤ cells contain secretory vesicles that may alter cell size. The enlarged cell size in one of the AKT transgenic lines showing increased insulin secretory potential may be due to increased secretory vesicle storage in the cells (3) . The exact mechanism for ␤-cell size control remains to be determined. The increased islet mass phenotype is observed during embryo development, as well as in the adult pancreas. During embryonic development, neogenesis leads to increased ␤-cell numbers, resulting in islet formation. PTEN/AKT may regulate this neogenesis process by modulating the subcellular localization of Foxa-2, a critical transcriptional factor for pancreas development (53) . Alternatively, PTEN may modulate pancreatic stem/progenitor cell self-renewal, proliferation, and survival, similar to its function in regulating neural stem cells (21) . The identity of pancreatic or islet stem/progenitor cells in the adult stage is currently unknown. However, we did observe that mice with Pten ␤-cell deletion have increased cell proliferation in both insulin-producing and adjacent non-insulin-producing cells during both pancreatic development and post-STZ treatment. Whether these are the bona fide islet progenitor/stem cells or some ␤ cells that have undergone dedifferentiation remains to be resolved. It is unlikely that phenotypes described in this study are due to leakage in the embryonic pancreatic progenitors, since Pten deletion in pancreatic-duodenal homeobox gene 1-positive embryonic progenitors resulted in the pancreatic adenocarcinoma phenotype, in conjunction with increased islet mass (47) . Therefore, the RIP-Cre-Pten model most likely targeted to a different cell population than the pancreatic-duodenal homeobox gene 1 model we reported earlier.
While enhanced ␤-cell proliferation most likely contributes to increased islet mass, cells peripheral to the islets may also proliferate and differentiate to insulin-expressing cells and contribute to overall islet mass. The low-dose STZ treatment induces an inflammatory response that may contribute both cells and stimulatory factors to the injury sites. Mobilized bone marrow cells may be such cells. At these sites, they may differentiate or fuse with existing ␤ cells to increase the ␤-cell pool (24, 25, 27) . Furthermore, the presence of these immune cells may induce an epithelial-mesenchymal transition through a transforming growth factor ␤-mediated pathway (37) . Recent data suggests that human ␤ cells have the capacity to dedifferentiate through epithelial-mesenchymal transition to mesenchyma-like cells with no insulin production (19) . These mesenchyma-like cells retain the ability to differentiate to insulin-producing cells (9, 19) . It will be interesting to study whether Pten deletion can protect ␤ cells from immunity-induced cell death and thus promote the survivor cells to become mesenchymal cells in response to transforming growth factor ␤ stimulation.
Self-renewal of ␤ cells is proposed to be the mechanism for ␤-cell regeneration in the adult stage. This replication of ␤ cells is subjected to cell cycle regulation. When cyclin D2 is deleted, ␤-cell replication is significantly hindered in the postnatal pancreas (18) . As a result, cyclin D2-deficient mice had fourfold-less islet mass than the control mice. However, deletion of cyclin D2 in other tissues, especially those insulin response organs, complicated the interpretation of data in this case. PTEN and PTEN-regulated pathways regulate a number of cell cycle regulators, including the D-type cyclins, p27, and p21 (44, 48, 51, 55) . We showed that expression of p27, a G 1 -S cell cycle inhibitor, is significantly decreased upon Pten deletion. Together with enhanced S6K activity, this downregulation of p27 may enhance cell cycle progression, induce ␤ cells to proliferation, and increase the ␤-cell self-renewal rate, especially in response to injury. Increased ␤-cell proliferation in adults is, at least in part, responsible for the enlarged islet size observed in the mutant pancreas. These enlarged islets might go through a fission process to generate more islets (45) .
Of note, as a result of Pten deletion, the mutant mice were significantly smaller (see Fig. S1 in the supplemental material) and had shortened life spans compared to those of Pten loxP/loxP ; RIP-Cre Ϫ mice. This phenotype is most likely due to RIP-Cre expression (therefore, Pten deletion) in the hypothalamus of the embryonic brain (17) . Compared to green fluorescent protein and saline controls, deletion of Pten in the adult hypothalamus through stereotactic injection of Cre-expressing adenovirus did not cause dramatic changes in body weight, food intake, or glucose and lipid indexes (data not shown; see Fig.  S2 in the supplemental material). Contrarily, these animals showed slightly increased food intake and body weight, compared to the controls (see Fig. S2 in the supplemental material). ␤-cell Pten deletion did not seem to affect food intake (data not shown). Furthermore, inducing Pten deletion in the adult pancreas, using RIP-CreER transgenic mice, which express Cre recombinase only when infected with tamoxifen, did not alter the body weight of the animals either (data not shown). The RIP-Cre Pten deletion model did not develop insulinomas in the limited number of older (12-to 15-monthold) animals (see Fig. S3 in the supplemental material; three mice) we have observed. Therefore, insulinoma is a later event, if it does occur.
In our study, we showed that PTEN loss in the developing pancreas leads to increased islet number and size, as well as overall ␤-cell mass. PTEN loss does not appear to change the normal course of cellular differentiation, as evident by the expression of ␤-cell-specific markers such as insulin, glucagon, somatostatin, pancreatic polypeptide, and GLUT2. The morphology of the mutant islets is not altered, and their response to glucose stimulation is indistinguishable from that of the controls. PTEN loss enhances survival and replication of ␤ cells following chemically induced ␤-cell injury. It is not clear whether this effect is solely due to PTEN loss in the ␤ cells or if as-yet-unidentified pancreatic progenitor cells are also involved. Furthermore, whether adult-onset Pten deletion can also protect ␤ cells from injury and induce their proliferation remains to be tested. Nevertheless, our results imply strongly that PTEN and the PTEN-controlled signaling pathway play important roles in ␤-cell development, function, survival, and regeneration.
